Population growth metrics such as R 0 are usually asymmetric functions of temperature, with 8 cold-skewed curves arising when the positive effects of a temperature increase outweigh the 9 negative effects, and warm-skewed curves arising in the opposite case. Classically, cold-skewed 10 curves are interpreted as more beneficial to a species under climate warming, because cold-11 skewness implies increased population growth over a larger proportion of the species' 12 fundamental thermal niche than warm-skewness. However, inference based on the shape of 13 the fitness curve alone, and without considering the synergistic effects of net reproduction, 14 density, and dispersal may yield an incomplete understanding of climate change impacts. We 15 formulate a moving-habitat integrodifference equation model to evaluate how fitness curve 16 skewness affects species' range size and abundance during climate warming. In contrast to 17 classic interpretations, we find that climate warming adversely affects populations with cold-18 skewed fitness curves, positively affects populations with warm-skewed curves and has 19 relatively little or mixed effects on populations with symmetric curves. Our results highlight the 20 necessity of considering the synergistic effects of fitness curve skewness, density, and dispersal 21 in climate change impact analyses, and that the common approach of mapping changes only in 22 R 0 may be misleading. 23 24 Keywords: climate change; integrodifference; Metabolic Theory; range shifts; thermal 25 tolerance; niche 26 27
Introduction
where ρ is fecundity at low population density, σ is the annual survival probability at low 144 population density, and T(y,t) is temperature at location y at time t. For notational simplicity, 145 we write T(y,t)=T henceforth. 146 We describe the temperature sensitivities of both fecundity, ρ(T), and survival, σ(T), 147 using relationships suggested by the Metabolic Theory of Ecology (MTE) 18, 32 . Fecundity is 148 typically cold-skewed, increasing exponentially with temperature within a species' fundamental 149 thermal niche, and dropping steeply to zero near the upper and lower temperature boundaries 150 of that range (Figure 2a ). Assuming that this temperature dependency is largely driven by the 151 temperature sensitivity of underlying metabolic processes, we use the Sharpe-Schoolfield 152 model 18 to represent ρ(T) and write 153 154 (5) where ρ 0 is the fecundity at a reference temperature T 0 (units: K), κ=8.62x10 -5 eV K -1 is 155 Boltzmann's constant, E ρ is the average activation energy (units: eV) of the rate-limiting enzyme 156 driving reproduction (determining the temperature sensitivity of fecundity at intermediate (6) and the proportion of individuals that survive one year by .
As with fecundity, the parameters E µ , E µ L and E µ H determine the temperature sensitivity of 168 mortality within and outside the lower and upper temperature thresholds, ! ! ! and , and T 0 169 is a reference temperature at which mortality equals µ 0 .
170
To evaluate how the shape of the temperature-dependent fitness curve R 0 (T) (equation 171 4) influences the range change dynamics, we establish cold-skewed, warm-skewed, and 172 symmetric R 0 (T) curves by assuming temperature sensitivities in fecundity only, mortality only, 173 or both (Figure 2 , cf. also ref. 18 ) and by setting the inactivation energies such that they further 174 accentuate the direction of any skew in R 0 (T) whilst ensuring that the fundamental niche is 175 contained within the spatial domain (see SOM Section 1 for details). The magnitude of the skew 176 is further manipulated in each of these cases by considering a biologically plausible range of 177 activation energies 34 (0.2 ≤ E ρ , E µ ≤ 1.1). We standardized each fitness curve so that the total 178 reproductive potential of an organism across the entire landscape is always a constant. This 179 calibration ensures that the shape of R 0 (T) is the main source of variation in all comparisons, 180 and that qualitative differences in climate change impacts can therefore be attributed to 181 differences in this fitness curve shape (SOM Section 2).
available northern habitats via dispersal, resulting in an increased range size and abundance during warming (Figure 4e ,h). For populations with a cold-skewed R 0 (T), these same 221 mechanisms act in the opposite direction, implying decreased range sizes and abundance. 222 Extinctions at the trailing edge of the population density also determine the net impact of Figure 1c ), we find that generally climate warming 232 adversely affects the range size, abundance and lag of populations with a cold-skewed R 0 (T), 233 positively affects populations with a warm-skewed R 0 (T), and has relatively little or mixed 234 effects on populations with a symmetric R 0 (T) ( Figure 4 ; Table 1 ). For cold-and warm-skewed 235 R 0 (T), the degree of the skew further magnifies these effects. This result is a consequence of 236 the interaction between population growth, density, and dispersal, which is masked when one 237 considers population growth in isolation as a predictor of climate warming affects.
238
The influence of R 0 (T)'s skewness on a population's response to climate warming is 239 largely insensitive to mean dispersal distance, the choice of population growth function, and 240 the choice for dispersal kernel (SOM Sections 3-5; summarized in Table 1 species with a cold-skewed R 0 (T) may in fact be more likely to experience adverse impacts 261 during warming than species with a warm-skewed R 0 (T). With a warm-skewed R 0 (T) steep 262 fitness increases and relatively large densities at the northern range limit allow for rapid 263 abundance increases in areas that have not yet been fully colonized, while more gradual fitness 264 declines combined with smaller densities simultaneously limit the extinction risk at the trailing 265 niche edge. The opposite is true for species with cold-skewed R 0 (T). It is these synergistic effects 266 of R 0 (T) skewness, spatially varying population densities, and dispersal that underly our findings 267 that a warm-skewed R 0 (T) results in range size and abundance increases and small lags between 268 the moving leading edge of the fundamental niche and the population's range edge, whereas a 269 cold-skewed R 0 (T) results in range contractions, decreased abundances, and large lags. The muskox lungworm Umingmakstrongyls pallikuukensis, for example, has a warm- Cases 3-4) . 482 
Scenario
Population metric For large values of R 0 (T), population cycles may appear and climate change influences the amplitude of these cycles ( Figure S6 ). 
Abundance
temperature-dependent with ! ! ! = ! ! ! = ! ! ! = ! ! ! = 5! ! = 5! ! .
Simulation details
Temperature is modelled as a linear gradient along the spatial domain [ L, L] that peaks at y = L, and warming is simulated by increasing temperatures at all locations at a constant rate:
where T max,0 and T min,0 are the respective temperatures at the southern (y = L) and northern (y = L) limits of the spatial domain at time 0, and w is the rate of temperature increase. For simplicity, we ignored seasonal temperature fluctuations in all simulations, assuming a constant T within each year (Figure 1a ).
We used computer simulations to explore the range change dynamics given by equations 1-7 in the main text. To do this, we set the initial abundance to 1 on a small interval about x = 0, and calculate population densities across the entire spatial domain for 400 years with no change in climate (w = 0) to let the population density equilibrate before the onset of warming. Subsequently, we increase the temperature at all locations by w = 0.1 C yr 1 up until an increase of 10 C is achieved after 100 years, and evaluate how warming alters a population's range and abundance, as well as the lag between the northern boundary of the population range and of its thermal niche. We recognize that a warming of 10 C is far more than expected under current climate change predictions, but note that this value was simply chosen to allow easy visualization of how climate change impacts range, abundance, and lag. All results are qualitatively insensitive to the total amount of warming imposed.
To evaluate how the shape of the temperature-dependent fitness curve R 0 (T ) (equation 4) influences the range change dynamics, we establish cold-skewed, warm-skewed, and symmetric R 0 (T ) curves by assuming temperature sensitivities in fecundity only, mortality only, or both (cf. also ref. [2] ). The strongest cold-skew in R 0 (T ) arises in populations with highly temperaturedependent fecundity (large E ⇢ ), but temperature-independent mortality (E µ = 0). A strongly temperature-dependent mortality (large E µ ) combined with temperature-independent fecundity (E ⇢ = 0), by contrast, leads to a strongly warm-skewed R 0 (T ), and equal temperature sensitivities (E ⇢ = E µ ) yield an approximately symmetric R 0 (T ) (Figure 2 ). We present simulations for these three extreme cases and note that they generate a wide variety of R 0 (T ) shapes that bound other, more common, combinations of E ⇢ and E µ (Figure 4 ; i.e. E ⇢ 6 = E µ but both > 0).
Parameter values
The three cases of cold-skewed, warm-skewed, and symmetric R 0 (T ) are thus implemented by considering temperature dependence in (i) fecundity only (E ⇢ > 0, E µ =0), (ii) survival only (E ⇢ = 0, E µ > 0), and (iii) both in fecundity and survival (E ⇢ = E µ > 0). The magnitude of the skew is further manipulated in each of these cases by considering a biologically plausible range of activation energies [3] (0.2  E ⇢ , E µ  1.1), and by setting the inactivation energies such that they further accentuate the direction of any skew in R 0 (T ) whilst ensuring that the fundamental niche is contained within the spatial domain (case (i): E L ⇢ = 3, E H ⇢ = 6; case (ii): Figure 4 ). The remaining model parameters were fixed arbitrarily, but chosen such that dispersal is large enough that the population can keep pace with its moving niche (D = 0.5, K = 1, µ 0 =-ln(0.2), ⇢ 0 = 50, T L ⇢ = T L µ =5 C, T H ⇢ = T H µ =20 C , T 0 = 12.5 C, T min,0 = 15 C, T max,0 = 30 C; note that all temperatures are reported in C for simplicity but converted to Kelvin for use in equations 5-8). Finally, we standardized each fitness curve so that the total reproductive potential of an organism across the entire landscape is always a constant (chosen asR = 75 = c 1 R L L R 0 (x) dx where c 1 is the calibration parameter). This calibration ensures that the shape of R 0 (T ) is the main source of variation in all comparisons, and that qualitative di↵erences in climate change impacts can therefore be attributed to di↵erences in this fitness curve shape (see Section 2) . While the values of ⇢ 0 , µ 0 , T L , T H andR were chosen arbitrarily, our results are not sensitive to these choices because it is the shape of the fitness curve, rather than the specific details of how the curves are produced, that determines the impact of climate warming.
Standardization of the results

How we standardize comparisons between fitness curves with di↵erent skewness
Throughout this study, we quantify the impacts of climate warming by comparing range size, abundance, and lag relative to their initial values. The range change (%) is calculated by taking the range size at time t divided by the initial range size (when climate warming begins at t = 0) and multiplied by 100, and the abundance change (%) is calculated in the same way. The lag is calculated by subtracting the lag at time t = 0 from the lag at time t. Final range size, final abundance, and final lag are calculated as described above, but with t = 100 (the time when climate warming ends). In addition, we normalized all fitness curves so that the reproductive potential of a population (the integral of R 0 (T ) across all of space) is equal to the same value (R) regardless of fitness curve skew. This normalization was necessary to ensure that results reflect di↵erences in fitness curve skewness and are not due to associated changes in reproductive potential.
Di↵erences in the initial range size and initial abundance cannot explain the observed impact of climate change
The normalization of the reproductive potential for all fitness curves toR does not ensure that the initial range sizes, initial abundances, or initial lags are also equal for di↵erent R 0 (T ) (Table S.1) because these quantities are also influenced by density-dependent processes that are not captured by R 0 (T ), which describes only the net reproduction at low densities (see equation 3 in the main text). In Figure S .1, we demonstrate that di↵erences in initial range size and initial abundance between di↵erent R 0 (T ) curves cannot explain the systematic climate change impact di↵erences, which are instead driven by the di↵erences in fitness curve skewness. To interpret Figure S .1, note that fitness curves with cold-skew (⇤), warm-skew (4), and symmetric (•) shapes may all have initial range sizes close to 41 (left column), but the initial range size of 41 corresponds to a wide range of final range sizes (between -6 and +2% change), whereas coldskewed curves (⇤), of any initial range size, correspond to a narrower range of final range sizes (between +2 and +4% change; Figure S.1a ). This pattern is generally consistent for di↵erent initial abundances (right column), and if di↵erent climate warming impacts are considered Table S .1: The initial range size, initial abundance, and initial lag for all the fitness curves considered in Figure 4 of the main text. All fitness curves are normalized so that the reproductive potential (the integral of R 0 (T ) across all of space) is the same regardless of fitness curve skew, but this does not lead to equal initial range sizes, initial abundances and initial lags. E par is the parameter that is manipulated to adjust the strength of the skew: E par = E ⇢ (coldskewed), E par = E µ (warm-skewed), and E par = E ⇢ = E µ (symmetric). Negative values of the lag mean that the population density is above the detection threshold and the population is persisting in a region ahead of the thermal tolerance limits described by the fundamental niche.
As discussed in the main text, this is due to a continuous space analog of the familiar sourcesink dynamics described for discrete space patch-based metapopulation models [4] , whereby a population outside the fundamental niche is sustained through dispersal.
(rows), and so we conclude that di↵erences in initial range size or initial abundance are not responsible for the di↵erent climate warming impacts that we observe. 
E↵ect of mean dispersal distance
In this section, we analyze how mean dispersal distance a↵ects a population's colonization credits, extinction debts, range size, abundance, and lag during range changes.
Colonization credit and extinction debt
Colonization credit occurs in locations where the population is below its carrying capacity despite R 0 (T ) > 1, and is quantified as the di↵erence between the carrying capacity and the population density numerically integrated across locations meeting these criteria. Colonization credit quantifies the additional abundance the environment could support, if it were not for dispersal limitation. In contrast, extinction debt occurs in areas where the population remains temporarily present despite R 0 (T ) < 1, and is defined as the numerical integral of the population density across all these locations. Extinction debt is thus the abundance of this population that can only persist temporarily (see Figure 1 in the main text). Figure S3 ). Figure S.2 shows that if colonization credit is greater than extinction debt, then this holds for all values of the mean dispersal distance (and visa versa), which in turn implies that abundance changes for fitness curves of a given skewness are robust to di↵erent mean dispersal distances. 
Simulations using the Ricker growth function
In the main text, we evaluated range change dynamics for the case of compensatory density dependence using a Beverton-Holt population growth model (equation 3) . Here, we assess whether results di↵er for overcompensatory density dependence using the Ricker model for population growth. The Ricker growth function is given by,
where r(T (t, y)) = ln(R 0 (T (y, t) )) and K is the carrying capacity. As in the Beverton-Holt scenario, this carrying capacity is independent of R 0 , as can be seen from rewriting equation S.2 as, f (n t (y), T (y, t)) = ( R 0 (T (y, t)) n t (y) exp ⇣ ln(R 0 (T (y,t))) nt(y) K ⌘ , for R 0 (T (y, t)) > 0, 0, for R 0 (T (y, t)) = 0. (4), and Ricker/Cauchy (N) combinations of population growth models and dispersal kernels. In each of these scenarios, populations with cold-skewed R 0 (T ) are adversely impacted by climate warming, warm-skewed R 0 (T ) benefit from climate warming, and symmetric R 0 (T ) are una↵ected or experience mixed responses. Simulation parameters are as in Figure 4 in the main text and = 0.005 was used in the Cauchy dispersal kernel.
Population cycles
Climate change may dampen or eliminate population cycles. For large values of R 0 (T ), prior to climate change the Ricker population growth function gives rise to a two-cycle in population density (Figure S.6a ), but when climate warming occurs the population cycles dampen (Figure S.6b,d) . After the end of climate warming, the population density returns to an identical two-cycle pattern, but displaced northwards due to the warming-induced northern shift in the fundamental niche. Figure 4 of the main text.
Simulations using the Cauchy dispersal kernel
In the main text, we evaluated range change dynamics for the case of an exponentially bounded (Laplace) dispersal kernel. Here, we assess whether results di↵er for a fat-tailed dispersal kernel (Cauchy) because population spread rates are known to be greatly influenced by the tail of the kernel [5] . The Cauchy kernel is commonly used to model 'fat-tailed' dispersal and is given by,
where is a shape parameter. Compared to the Laplace distribution, which exhibits exponential decay in the tail of the distribution, the Cauchy distribution is 'fat-tailed' due to the power law decay of the tail. The associated higher number of long-distance dispersal events explains both why range sizes are larger under a Cauchy kernel and why abundances are smaller (more individuals are lost due to long-distance dispersal into hostile habitat; Figure S .5). Nevertheless, with the Cauchy dispersal kernel our general result remains: climate warming will adversely a↵ect populations with cold-skewed fitness curves (substantially decreasing abundance), benefit populations with warm-skewed fitness curves, and will have mixed e↵ects on populations with symmetric fitness curves.
Simulations that use the Cauchy dispersal kernel were run with = 0.005, where 2 is the width of the distribution at half its maximum (for reference, the corresponding width for the Laplace distribution is 2D ln 2, where D is the mean dispersal distance). Figure Figure 4 in the main text except that the Cauchy dispersal kernel replaces the Laplace dispersal kernel from Figure 4 . In contrast to the results found for the Laplace dispersal kernel, for the Cauchy dispersal kernel we observe: 1) larger range sizes, and 2) smaller abundances during climate change. For this figure = 0.005 and all other parameters are identical to Figure 4 .
